Abstract The earliest history of the lunar dynamo is largely unknown and has important implications for the thermal state of the Moon and the physics of dynamo generation. The lunar sample with the oldest known paleomagnetic record is the 4.25 billion year old (Ga) troctolite 76535. Previous studies of unoriented subsamples of 76535 found evidence for a dynamo field with a paleointensity of several tens of microteslas. However, the lack of mutual subsample orientation prevented a demonstration that the magnetization was unidirectional, a key property of thermoremanent magnetization. Here we report further alternating field demagnetization on three mutually oriented subsamples of 76535, as well as new pressure remanent magnetization experiments to help rule out shock magnetization. We also describe new 40 Ar/
Introduction
During the Apollo era, there was considerable debate over the origin of magnetization observed in lunar rocks [Fuller and Cisowski, 1987] . However, recent lunar paleomagnetism studies [Cournède et al., 2012; Garrick-Bethell et al., 2009; Shea et al., 2012; Suavet et al., 2013; Tikoo et al., 2014; Weiss and Tikoo, 2014] , dynamo and thermal evolution models [Dwyer et al., 2011; Laneuville et al., 2014; Le Bars et al., 2011; Scheinberg et al., 2015] , and remote sensing studies [Arkani-Hamed and Boutin, 2014; Halekas et al., 2003; Hood et al., 2013; Takahashi et al., 2014] have offered new evidence supporting the hypothesis of a lunar dynamo. In particular, a dynamo epoch with Earth-strength fields from at least 3.72 to 3.56 Ga is supported by paleomagnetism studies Suavet et al., 2013] .
Garrick-Bethell et al. [2009] and Lawrence et al. [2008] examined the natural remanent magnetization (NRM) and thermal history of troctolite 76535. Troctolite 76535 is a monomict coarse-grained unshocked rock, with approximately equal modal abundances of plagioclase and olivine, with~4-5% orthopyroxene [Gooley et al., 1974; McCallum and Schwartz, 2001] . It cooled slowly in the deep crust, at a depth of~30-50 km, based on thermobarometry calculations [McCallum and Schwartz, 2001] . Upon excavation it likely cooled in a hot ejecta blanket from temperatures of ≈600°C, for ≈10 kyr [Garrick-Bethell et al., 2009] . The troctolite is a particularly important rock because among all unbrecciated and unshocked (<5 GPa) Apollo samples, it has the oldest known undisturbed 40 Ar/ simple thermal history mean that its NRM should be a product of a long-lived ambient field, rather than transient fields generated by an impact event [Garrick-Bethell et al., 2009] .
Paleofield records for this early lunar epoch are of key importance because for a dry lunar interior [Konrad and Spohn, 1997; Laneuville et al., 2013] , a thermal convection dynamo is likely to have operated only prior to ≈4.1 Ga. Furthermore, different dynamo models predict various times for the onset of the lunar magnetic field. Stegman et al. [2003] and Zhang et al. [2013] showed that the onset of a thermal or thermochemical convection dynamo may have been delayed until ≈250 Ma after lunar magma ocean solidification. Because magma ocean solidification and overturn were likely completed between ≈4.47 and 4.32 Ga [Elkins-Tanton, 2012, Figure 8] , the dynamo may therefore have been delayed until ≈4.2-4.1 Ga. On the other hand, Dwyer et al. [2011] and Meyer and Wisdom [2011] suggested that mechanical stirring could power a dynamo after the Moon reached a semimajor axis >26-29 Earth radii. This corresponds to only ≈100-200 Ma after accretion (using Figure S2 of Dwyer et al. [2011] ), suggesting a dynamo possibly operating as early as ≈4.4 Ga. A more precise age for the NRM in 76535 would help distinguish amongst these models.
Garrick-Bethell et al. [2009] found that four unoriented subsamples of 76535 carried three NRM components. The observed low coercivity (LC) component unblocked below 15 mT, which is likely an isothermal remanent magnetization (IRM) acquired following sampling on the Moon. Medium coercivity (MC) and high coercivity (HC) components were inferred to be unblocked over 30 to 80 mT and >80 mT, respectively. The high peak alternating field (AF) for these components and their low efficiencies (NRM/IRM ≈0.02) indicated that they are unlikely to be secondary IRM or viscous remanent magnetization (VRM). Although the four subsamples studied were not mutually oriented, the angular difference between the MC and HC directions was similar within each subsample (≈146°), implying that these components had the same origins and were acquired in a uniform field. Using thermochronometry calculations, Garrick-Bethell et al. [2009] interpreted the MC and HC magnetizations to have formed during two thermal events on the Moon. Using anhysteretic remanent magnetization (ARM) and IRM paleointensity methods [Gattacceca and Rochette, 2004; Stephenson and Collinson, 1974] , they obtained mean paleointensities of 12 AE 2 μT and 32 AE 6 μT, respectively, for the MC component and 43 AE 7 μT and 140 AE 30 μT, respectively, for the HC component (uncertainties are 95% confidence intervals from the regression analysis only and do not include the variability of efficiencies of thermoremanence compared to IRM and ARM in different rock types).
Given the importance of troctolite 76535 for understanding the history of lunar magnetism, we have performed additional experiments to further test and refine the above conclusions. In particular, a key test of the dynamo hypothesis for lunar paleomagnetism is that mutually oriented subsamples should be magnetized in nearly the same direction because dynamo fields are spatially constant over kilometer scales (much larger than the 5 cm size of the original 76535 parent sample).
The paleomagnetism of troctolite 76535 is challenging to analyze. The presence of the IRM LC component, which should overprint a wide range of unblocking temperatures, limits the accuracy of thermal paleointensity experiments [Lawrence et al., 2008] . During AF demagnetization, the sample acquires spurious ARM and gyroremanent magnetization (GRM), which increasingly obscures the underlying NRM. A further key limitation faced by the Garrick-Bethell et al.
[2009] study was that they did not have access to large, mutually oriented subsamples, such that they were only able to compare the relative angular difference between NRM components across the subsamples. Garrick-Bethell et al.
[2009] did study two mutually oriented samples (76535,138,2 and 76535,138,2, see their supporting information section 5), but one sample was very small (22 mg), difficult to orient for anisotropy measurements, susceptible to GRM, and had poor AF demagnetization behavior. A possible HC component was identified, but the poor AF demagnetization behavior prevented any definitive conclusions. Furthermore, no MC component could be identified.
The analysis of three, larger mutually oriented subsamples is the main goal of the current study. We also present the first laboratory pressure remanent magnetization (PRM) experiments on 76535, which help rule out the possibility that its NRM is due to a shock remanent magnetization (SRM). We also describe new estimates of the minimum paleointensity recording limit for 76535 using ARM experiments, revising those of Tikoo et al. [2012] .
Finally, we present results of modern 40 Ar/ 2. Methods
Magnetism
We subdivided a 574 mg parent sample (76535,153) into three mutually oriented pieces of masses 200 mg, 150 mg, and 120 mg (Figure 1 , hereafter referred to as subsamples 1, 2, and 3, respectively). These samples are not mutually oriented with respect to the samples in Garrick-Bethell et al.
[2009]. Subsample 2 was cut from the rock between subsamples 1 and 3. The cutting was accomplished using a low speed Buhler Isomet wafering saw that had been previously demonstrated not to significantly remagnetize weakly magnetized materials [Garrick-Bethell et al., 2009] . Prior to cutting, the parent sample was infused with nonmagnetic cyanoacrylate cement to prevent crumbling. The three subsamples were glued to nonmagnetic quartz discs with cyanoacrylate, with angular orientation errors estimated to be <10°. All subsample measurements are reported in the same mutually oriented reference frame.
All paleomagnetic measurements were acquired in the Massachusetts Institute of Technology (MIT) Paleomagnetism Laboratory. The three subsamples were subjected to static three-axis alternating field (AF) demagnetization and measured with a 2G Enterprises 755 Superconducting Rock Magnetometer (sensitivitỹ 10 À12 Am 2 ) in a shielded room (<200 nT DC field). Demagnetization experiments were performed using the Zijderveld-Dunlop GRM-correction method [Stephenson, 1993] . Specifically, we demagnetized each of the samples in the magnetometer x, y, z, x, and y axes (in that order) and calculated the mean of the last three measurements. In addition, we performed repeat AF measurements at a single field level to average out the effects of spurious ARM (which appears randomly oriented in the AF equipment). The repeat measurements were averaged to produce a single measurement for each AF level (Tables S1-S3 in the supporting information). No running averages over different AF levels were performed, in contrast to Garrick-Bethell et al. [2009] . To demonstrate that the measured NRMs do not depend on the orientation of the samples with respect to the magnetometer axes, subsample 1 was measured in the magnetometer frame in a position inverted with respect to the other two subsamples; its demagnetization data were then rotated 180°into the same frame as the other two subsamples.
After demagnetization, principal component analysis (PCA) was used to identify the magnetization components and their directions [Kirschvink, 1980] . To qualitatively determine if the HC component decays to the origin, we determined the distance between the first point of a PCA fit not forced through the origin and the direction of the unconstrained fit (i.e., a measure of the component's deviation angle from the origin, known as the dANG value) [Tauxe and Staudigel, 2004] . If the dANG value is less than the maximum angular deviation (MAD) of the PCA fit, we conclude that the component decays to the origin. In that case, it is therefore a candidate for the primary NRM acquired during cooling on the Moon [Garrick-Bethell et al., 2009; Lawrence et al., 2008] . We then perform a line fit forced through the origin to obtain the reported HC direction. We obtained paleointensity estimates for each component using AF demagnetization of IRM and ARM following the methods of Garrick-Bethell et al. [2009] . We calculate the NRM, ARM, and IRM lost using vector subtraction, starting at the first demagnetization step for the relevant magnetization component (known as the REM 0 method) [Gattacceca and Rochette, 2004] . In the previous study Garrick- Bethell et al. [2009] used ARM gained, but here we use ARM lost. We estimate the ARM and IRM paleointensity via
where f 0 is the ratio of thermoremanent magnetization (TRM) to ARM and a is a coefficient with units of μT that is inversely proportional to the TRM/IRM ratio. ΔNRM, ΔARM, ΔIRM are, respectively, the vector-subtracted loss or gain of NRM, ARM, and IRM. We assume that f 0 = 1.34 [Stephenson and Collinson, 1974] , and a = 3000 μT [Gattacceca and Rochette, 2004] . The exact values of these ratios depend on the samples' grain size and shape distributions. Weiss and Tikoo [2014] describe how the two-standard-deviation uncertainties on paleointensities estimated in this manner are typically a factor of 2-3 for iron-nickel-bearing samples.
To correct our PCA fit directions and paleointensity estimates for anisotropy, we determined the IRM anisotropy ellipsoids, and P and T values (degree of anisotropy [Nagata, 1961] and anisotropy shape factor [Jelinek, 1981] , respectively) of each sample by giving the rock orthogonal 250 mT IRMs and using the methods described in Garrick-Bethell et al. [2009] . If magnetic carriers have multiple easy axes, then using low-field IRMs to assess anisotropy can be biased by the sample's IRM history [Mitra et al., 2011] . However, in our case this is not a concern because (i) the IRM field we use is relatively strong compared to the fields used by Mitra et al. [2011] (when normalized by the carrier's saturation remanence), (ii) kamacite, the magnetic carrier in 76535 [Garrick-Bethell et al., 2009 ] is dominated by shape anisotropy and therefore unlikely to have multiple easy axes, and (iii) we AF demagnetize each IRM after applying it, such that it cannot bias the remanence of the next IRM.
PRM acquisition experiments were performed on subsample 2 following Shea et al. [2012] , Suavet et al. [2013] , and Bezaeva et al. [2010] . Subsample 2 was pressurized in a nonmagnetic pressure cell similar to the design described in Sadykov et al. [2008] . A coil surrounding the pressure cell applied a 800 μT DC field, while pressure was applied using a Specac manual hydraulic press. The sample was held at the peak pressure for at least 1 min. Experiments were conducted for peak pressures of 0.45, 0.9, 1.35, and 1.8 GPa. After each PRM acquisition, the sample was stepwise AF demagnetized following the Zijderveld-Dunlop protocol up to 85 mT. Ar/ 37 Ar thermochronometry. Two~3 mg whole-rock aliquots were subjected to feedback-controlled laser heating following previously described procedures [Cassata et al., 2009; Shea et al., 2012; Shuster et al., 2010] (supporting information Appendix A2 and Table S4 ). We report the apparent 40 Ar/ 39 Ar age observed at each extraction step relative to the Hb3gr neutron fluence monitor and use the monitor age (=1081 Ma) and decay constants of Renne et al. [2011] and Renne et al. [2010] and Ar isotopic abundances of Steiger and Jager [1977] .
Cosmogenic Neon Thermochronology
To constrain the thermal history of 76535 during its exposure at the lunar surface and corroborate thermal histories inferred from Ar measurements, we conducted a diffusion experiment and measurements of cosmogenic Ne in anorthite grains from 76535. For the diffusion experiment, we measured
21
Ne and 22 Ne in a neutron-irradiated fragment of 76535 anorthite subjected to feedback-controlled laser heating (supporting information Appendix A3 Table S5 ). For the cosmogenic neon measurements, we measured 20 Ne, 21 Ne, and 22 Ne in five unirradiated anorthite grains using the same feedback-controlled laser system (supporting information Appendix A3 and Table S6 ). Because Ne has a higher diffusivity than Ar at lunar surface temperatures, it can provide a more accurate constraint on the extent of solar heating.
Results and Interpretation
3.1. AF Demagnetization 3.1.1. Subsample 1 Subsample 1 has an LC component removed by 15 mT ( Figure 2a and Table 1 ). After removal of the LC component, the NRM moves to two clusters of stable magnetization directions in the AF ranges of 15-145 mT and Table 1 ). Only one red line is shown in Figure 2a due to the very close overlap between the two projections of the HC best fit line in the Z-E and N-E planes. The start of the 72.0 mT cluster for subsample 3 is indicated by the circular dashed line in Figure 1g . In 
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>175 mT ( Figure 2d ). The remanence in both clusters does not decay appreciably. These two clusters and the lack of decay suggest there are at least two NRM components (within the great circle connecting the clusters) that are not readily removed, with one possibly representing the MC component previously identified by Garrick-Bethell et al.
[2009] (see below and section 4). However, in the coercivity range of the 15-145 mT cluster, some zig-zag motion of the magnetization also appears. This zig-zag behavior consists of magnetization directions that oscillate between points that lie approximately on a great circle. To test that this behavior is controlled by the rock's remanence anisotropy easy axis , we conducted a PCA line fit over the coercivity range over which the zig-zag motion takes place. The fit direction is essentially indistinguishable (11°away, which is less than the fit direction's MAD of 12.1°) from the anisotropy easy axis ( Figure 2d , Table 1 ). In addition, the anisotropy of this sample (degree P = 1.7) is the highest of the three subsamples and higher than that of most lunar rocks (compare with Figure 8 of Tikoo et al. [2012] ). Together, these observations suggest that the zig-zag behavior is indeed controlled by the sample's anisotropy, making the precise identification of any component in this coercivity range difficult.
An MC component in this subsample is suggested by the clustered magnetization directions in the 15-145 mT range and the approximately great circle path from 145 to 175 mT. However, the demagnetization behavior is nonideal. In the supporting information in Appendix A1 we describe evidence from these data that an MC component may exist. However, for the HC component, which is the most important part of our analysis, we focus on the final cluster of magnetization directions from 175.0 to 290.0 mT. The magnetization does not appreciably decay in this coercivity range (the mean is 4.6 × 10 À10 Am 2 , fluctuating with a standard deviation of 1 × 10 À10 Am 2 ), likely due to spurious ARM acquisition and/or unmitigated GRM effects (see section 4), but we do find that dANG < MAD. Unfortunately, the negligible amount of NRM decay means that we cannot infer a paleointensity estimate from the HC component for this subsample over the HC range (although the ratio of NRM demagnetized to 20 mT, to saturation IRM is 0.02, indicating a "residual" paleointensity [Cisowski et al., 1983] of ≈60 μT). Nevertheless, an HC component is likely present since its direction is very similar (nearly within the MAD values) of the HC directions inferred from the other two subsamples (see Figure 4 and sections 3.1.2 and 3.1.3). Therefore, we perform a line fit forced through the origin to obtain the best estimate of the subsample's HC direction (Table 1 and Figures 2a and 4) . Finally, we note that if we consider the subsample's measurements in the magnetometer coordinate system (i.e., not converted into the coordinate system of the other two samples by inverting it; see section 2), its HC component would have a declination of 27.8°and inclination of À25.1°, instead of 117.8°and 25.1°, respectively (not correcting for anisotropy). Because the arc distance between these two directions is 100.3°, the uniformity of the HC component directions across the three sub samples cannot be ascribed to an artifact of the AF demagnetization process. 3.1.2. Subsample 2 AF demagnetization of subsample 2 removed a small amount (9%) of remanence up to 3.5 mT. Because the remanence in this range has a unique direction compared to the remanence above 3.5 mT and has a low ratio (Figure 2b ) and so is likely an IRM overprint.
Unlike subsample 1, subsample 2 appears to have only one additional component (no obvious evidence for an MC component could be inferred). This HC component decays to the origin starting from ≈15 mT (i.e., dANG < MAD). During AF demagnetization, the sample directions deviate slightly in declination at 85 mT and return to the previous direction by 155 mT (Figure 3 ). This deviation may be due to spurious ARM. Above 225 mT, the remanence displays some minor zig-zag behavior toward and away from the easy axis, presumably after the removal of most of the NRM. Above~155.0 mT the magnetization begins to move more erratically, presumably due to increased ARM noise (Figure 2f) . To obtain the HC component, we performed a line fit (forced through the origin) from 15-225 mT. 3.1.3. Subsample 3 Subsample 3 also exhibits an LC component that is removed by approximately 11 mT (Figure 2c ) and is likely an IRM. After the LC component is removed, the magnetization forms a cluster of stable directions from approximately 20 to 70 mT and then another cluster from approximately 72 to 290 mT (Figure 2h ).
The NRM magnitude remains nearly constant from 72 to ≈165 mT (usually varying by AE~10% between demagnetization steps), after which it decays by a factor of 2 from 175 to 290 mT. Performing a line fit starting at either 72 or 175 mT produces fits with similar directions (within 13°of each other). While this subsample can be considered in some sense to decay to the origin, the motion to the origin is not as clear (dANG > MAD), and it does not occur over as wide a range of coercivity as for subsample 2. However, as for subsample 1, since the HC components in all three subsamples are in the same direction, we infer that this is the final HC component and perform a line fit forced through the origin. 3.1.4. Mean Directions of LC and HC While the mean LC direction does not fall within the LC MADs of any sample and none of the LC components fall within each other's MADs, the LC directions are closely clustered (angular standard deviation θ 63 = 13.2°a nd Fisher precision parameter k = 38; Figure 4 ). This suggests the LC component was acquired in a field that was approximately unidirectional over the length scale of the subsamples.
The HC directions were anisotropy corrected using IRM anisotropy ellipsoids. Like the LC components, the HC components are also closely clustered (θ 63 = 16.4°, k = 25 for corrected directions; Figure 4) . Subsample 2's easy axis is close (19.9°) to its HC direction, but the other two subsample easy axes are located far (61.7°for subsample 1 and 85.7°for subsample 3) from their HC directions (Figure 4 ) (note the maximum distance is 90°). Therefore, it is unlikely that the HC component in 76535 is an artifact of anisotropy. In summary, due to the similarity of the HC component directions, it is likely that these three subsamples acquired their most stable remanence component in a unidirectional field.
Anisotropy of Remanence
The subsamples have IRM anisotropy P values ranging from 1.3 to 1.7 (Table 2) . Subsample 1 is the only subsample with a shape parameter, T, that is positive, which indicates that its anisotropy ellipsoid is an oblate spheroid (the other samples have prolate spheroids). The origin of the anisotropy in all three subsamples is unknown, but it is presumably due to large, irregular interstitial metal grains and/or the large silicate crystal sizes (often > 1 mm) which are known to contain oriented ferromagnetic inclusions [Gooley et al., 1974; Nord, 1976 Fu et al., 2012; Shea et al., 2012] . However, they did not make comparisons with AF demagnetization of PRM to determine if the NRM was a shock remanent magnetization (SRM). Therefore, we now reassess these comparisons with a new understanding of the AF of PRM behavior.
We focus on subsample 2 because among the three subsamples, it exhibits the clearest HC component. As discussed in Garrick-Bethell et al. [2009] and section 3.1, the NRM of 76535 was inferred to have an IRM blocked up to ≈ 11.0 mT (the LC component), similar to that observed in this study. Therefore, we focus on the HC remanence lost starting from 15.0 mT (slightly higher than 11.0 mT to provide some margin) as the fraction of the NRM that is likely a TRM (Figure 5b ).
Comparison of NRM With IRM
The AF demagnetization behavior of the NRM and a strong (250 mT) laboratory IRM differ substantially (Figure 5a ). The peak IRM intensity is higher than that of the NRM by an order of magnitude, and the shape of the IRM demagnetization curve is concave up. Therefore, as in our previous study, we conclude that it is highly unlikely that the HC remanence in subsample 2 is due to an IRM acquired in a comparable field.
Comparison of NRM With ARM
We compared the NRM to an ARM produced with a 50 μT bias field and 250 mT AC field (as an analog for TRM formed in a field with intensity similar to that inferred for the NRM; see section 3.4). Both NRM and ARM demagnetize slightly up to 3.5 mT (Figure 5a ). As discussed in section 3.1.2, this portion of the NRM is likely due to a VRM acquired in the Earth's field.
Above 15 mT (the start of the HC component), similar amounts of remanence are removed for both ARM and NRM, indicating that the NRM behaves like an ARM (e.g., between 15.0 and 25.0 mT, ≈0.3 × 10 À9 Am 2 is lost for ARM and NRM, and between ≈25 and ≈85 mT, another~0.2 × 10 À9 Am 2 are lost for ARM and NRM; Figure 5b ). Table 1 Gooley et al., 1974] . We observe a roughly linear relationship between acquired PRM and pressure over the range of 0 and 1.8 GPa, as observed for other lunar samples . This linearity allows us to estimate the PRM acquired at the maximum allowable 5 GPa pressure which is inaccessible to our laboratory equipment ( Figure 6 ).
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We explore the possibility that the LC or HC components are SRMs. The similar slopes of remanence lost versus AF field for the LC component of the NRM and the PRM suggest the putative LC component could be a PRM (Figure 5a ). The magnetization intensity of the LC component after VRM removal at AF 3.5 mT is 4.2 × 10 À9 Am 2 (Figure 5a ). Using the measurements of AF of PRM at 3.0 mT (close to the VRM AF removal level), and extrapolating them to 5 GPa (Figure 6 ), we find that a paleofield of ≈2000 μT is required to produce this remanence as a 5 GPa SRM. It is conceivable, but unlikely that such high paleofields could be produced in an impact-generated plasma [Crawford and Schultz, 1999; Hood and Artemieva, 2008; Oran et al., 2016; Srnka, 1977] . Some evidence against the PRM interpretation is that the LC component is apparently nonunidirectional in the four subsamples studied in Garrick-Bethell et al. [2009] (if the samples are rotated so that they have a common HC direction). In contrast, a PRM should produce unidirectional magnetization, since it would likely form in the presence of fields with longer length scales. We cannot completely rule out an SRM origin for the LC component but consider it highly unlikely.
For the sake of assessing whether 76535 records a dynamo field, it is much more important to consider whether the HC component may be due to a PRM. The HC component is unlikely to be the same putative PRM that may have caused the LC component because there is a marked difference in direction between the LC and HC components (Figure 4) . Furthermore, it is also unlikely to be a different PRM because there is no measurable loss of the 1.8 GPa PRM above 25 mT and the PRM-experiment remanence returned to . Note that here we show the NRM removed up to only 85 mT, but we use data up to 225 mT to calculate the HC component (see Figure 2 and Table 1 ).
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its pre-PRM value by AF demagnetization to only 23 mT. This suggests that the coercivity range affected by a PRM acquired in pressures even several times higher (=5 GPa) is not likely to produce remanence in grains with coercivities up to at least 225 mT like those containing the HC component.
Paleointensity Estimates
To obtain a paleointensity estimate, we again focus on subsample 2 because it exhibits the clearest HC component. We find that its HC paleointensities are fairly consistent across different bias fields for the ARM method, ranging from 20 to 26 AE 9 μT (95% confidence interval from regressions, Figure 7a and Table 3 ). The HC paleointensity from the IRM method is 40 AE 10 μT (Figure 7b and Table 3 ). When corrected for anisotropy, these values change by <3%. The implied LC component paleointensities are at least an order of magnitude larger (Table 3) , which we interpret to be implausible for a dynamo field, and thus, they are consistent with their origin as an artificial IRM.
Previous ARM paleointensity experiments showed that AF methods are capable of retrieving paleointensities from subsample 2 for magnetizing fields >3 μT . Below this field, the remanence is too weak to be resolved with AF demagnetization due to spurious ARM, GRM, and anisotropy effects. However, this 3 μT limit generously assumed that the component of interest was blocked starting from an AF level of 0 mT. Since the HC component actually starts at approximately 15 mT due to the IRM overprint, we reprocessed the paleointensity limit data of Tikoo et al. [2012] to exclude coercivities <15 mT. As a result, the minimum paleointensity fidelity limit increases to ≈15 μT (the value where the fractional difference between the applied and retrieved field increases markedly (Figure 8) ). This limit indicates the inferred HC paleointensity of 20-40 μT is marginally resolvable, which explains the difficulty in measuring it here and in Garrick-Bethell et al. [2009] .
3.5. 40 Ar. The consistency in apparent Ca/K ratios indicates that Ar was primarily degassed from a single phase during the analyses (Figure 9 ). Nearly all extractions of each analysis plot are within analytical uncertainty of a well-defined plateau age of 4249 AE 7 Ma (one standard deviation analytical uncertainty; AE 12 Ma including decay constant and fluence monitor uncertainties), which is far more Figure 6 . Total PRM acquired versus applied pressure (0, 0.45, 0.9, 1.35, and 1.8 GPa) for subsample 2 in a field of 0.8 mT (circles). The best fit line is also shown. AF demagnetization at 3 and 15 mT for each of the steps above 0 GPa is also shown (triangles and diamonds, respectively).
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precise than the 4200-4300 Ma age inferred by Husain and Schaeffer [1975] . This age is very similar to the U-Pb age of 4.236 AE 15 Ma reported in Premo et al. [1992] and the 40 Ar/ 39 Ar age of 4.21-4.23 Ga reported by Park et al. [2015] .
Assuming that cosmogenic 38 Ar is primarily derived from plagioclase with a production rate P 38Ca = 8.081 × 10 À13 mol/gCa/Ma, we estimate the apparent cosmogenic 38 Ar exposure age of each step Table 3 , and HC paleointensities are shown on the figures. While the HC component was estimated using AF fields up to 225 mT, we only calculated the ARM and IRM lost up to 85 mT for the paleointensity experiment because this region has the least amount of ARM noise.
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following the procedures described in Cassata et al. [2010] and Shea et al. [2012] . The mean cosmogenic 38 Ar ages calculated from all release steps of the two aliquots are 140.8 AE 12.7 and 142.3 AE 3.0 Ma (one standard deviation uncertainties, not including production rate uncertainty), with a weighted mean exposure age of 142 AE 3 Ma. This is slightly lower than the~220 Ma exposure age reported by Lugmair et al. [1976] .
Using models for the production and diffusion of Ar, and derived diffusion parameters [e.g., see Fechtig and Kalbitzer [1966] , Shuster et al. [2010] , Suavet et al. [2013] , and supporting information Appendix A2), we are able to place bounds on the sample's thermal history at 142 Ma. Even for brief (<1 s long) heating events like those expected during an impact that likely brought 76535 to the surface by ≈ 142 Ma, the 40 Ar/ 39 Ar data require temperatures significantly below 400°C (Figures S3c and S3d) . Using a similar model involving cosmogenic 38 Ar produced solely since surface exposure age , the upper bound on surface heating over the last 142 Ma is <170°C (Figures S3a and S3d ).
We can also assess how the sample may have been thermally affected by the late heavy bombardment at 3.9 Ga. At this time, it would have likely been at least 2 m deep to avoid undergoing cosmogenic 38 Ar production. Therefore, 2 m is a conservative lower limit on the thickness of any hot ejecta deposit that the sample was contained in or near. The conductive cooling time of a 2 m thick layer is ≈1 month (assuming thermal diffusivity = 10 À6 m 2 /s). This timescale implies a maximum allowable temperature of ≈475°C at 3.9 Ga (Figure S3d) , well below the Curie temperature. A 100 m thick layer cools in ≈300 years, implying maximum temperatures of ≈375°C.
Cosmogenic Neon Thermochronology
Four of the five unirradiated anorthite grains we analyzed have Ne isotopic compositions that plot on a mixing line between cosmogenic and solar wind components ( Figure S4 and Table S6 ). The fifth analysis (aliquot v) plots below this mixing line, suggesting Ne isotope fractionation during solar wind implantation [Grimberg et al., 2006] and is not used in thermal history calculations. We deconvolved the cosmogenic component from the solar wind component in the remaining four analyses (Table S6 ). Using the elemental production rates of cosmogenic neon in [Leya et al., 2001] and the composition of 76535 anorthite from Dymek et al. [1975] , we calculated the total cosmogenic abundance of each Ne isotope produced in these anorthite grains during the 142 AE 3 Ma exposure of 76535 (Table S6) . Comparison of the observed cosmogenic Ne abundances to the total cosmogenic Ne produced during exposure indicates that between 8 and 67% of the cosmogenic Ne was diffusively lost (Table S6) , with the amount of diffusive loss inversely correlated to the grain size analyzed.
Using the diffusion parameters calculated from the step degassing experiment ( Figure S4 ), we modeled the simultaneous production and diffusion of cosmogenic neon in each anorthite grain for different effective diffusion temperatures (EDTs) [Tremblay et al., 2014] . We find that a weighted mean EDT of 75.5 AE 4.2°C best predicts the observed cosmogenic neon abundances ( Figure S4 ). This is in excellent agreement with the weighted mean EDT of 77.0 AE 1.3°C calculated from 40 Ar/ 39 Ar and 38 Ar/ 37 Ar whole rock measurements of Apollo 15 samples [Shuster and Cassata, 2015] . Given our calculated neon diffusion parameters and direct lunar surface temperature measurements [Keihm and Langseth, 1973] , we estimate a modern EDT at the Apollo 17 landing site of~83°C ( Figure S5 ). Collectively, these results demonstrate that 76535 has only experienced heating due to insolation during its 142 Ma exposure at the lunar surface. [Fuller and Cisowski, 1987] . Fourth, the rock has not experienced significant reheating events after 4.25 Ga. Finally, and most importantly, the HC components in all subsamples have nearly indistinguishable directions (all directions plus their MAD angles overlap, Figure 4 ).
It is difficult to imagine an alternative to the lunar dynamo hypothesis that would lead to a HC component in the same direction in three different subsamples. This common direction cannot be from magnetic anisotropy because the samples do not have common principal anisotropy axis directions. Furthermore, previous studies of the petrography of 76535 have not reported any observed foliations or fabrics at the >1 mm scale [Dymek et al., 1975; Gooley et al., 1974] . Any instrument bias can also be ruled out by the fact that subsample 1 was measured inverted relative to the others (section 2 and 3.1.1).
Our paleointensity estimate of 20-40 μT is roughly consistent with the upper bound of the field estimates for impact stirred dynamos (~20 μT) and higher than the upper estimate of~12 μT for Earth-like Figure 8a . (c) The percent difference between the calculated 95% confidence interval and the retrieved paleointensity (100% equals an uncertainty equal to the paleointensity).
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convection-driven dynamos . Our paleointensity is higher than the lowermost limit of 0.3 μT in Garrick-Bethell et al. [2009] (but close to the nominal values they reported: 25-66 μT), because they used an extreme range of calibration factors a and f 0 in their paleointensity calculations (equation (1)). Unfortunately, the calibration factors for a lithology like troctolite 76535 have not been well determined. Until experiments are done2013 relating TRM to IRM and ARM for 76535, uncertainty will remain in the absolute paleointensity. As discussed section 2.1, the two-standard-deviation uncertainty is estimated to be a factor of 2-3 . If our paleointensity was a factor of 3 too high,2013 the lower end of our estimate would be~7 μT.
An important observation we must explain is why three subsamples have a unidirectional HC component, but only subsample 2 unequivocally decays to the origin. We suggest three possible explanations. The first is that spurious ARM acquired during AF demagnetization obscures decay of the NRM during demagnetization. This effect has been observed in other lunar samples [Fuller and Cisowski, 1987; Tikoo et al., 2012] and metal-bearing meteorites [Weiss et al., 2010b] . It is particularly important for samples like 76535 whose paleointensities (20-40 μT) are close to their paleointensity fidelity limits (≈15 μT; section 3.4). The second explanation is that GRM may not have been completely removed by the averaging method [Hu et al., 1998 ]. The third explanation is that given that single-domain iron crystals can have microcoercivities up to ≈1 T [Dunlop and Özdemir, 1997] , there may be remanence carriers at higher coercivities than accessible with our AF demagnetization equipment (limited to 290 mT).
MC Component Interpretation
While the HC component supports the previous conclusion of a dynamo field on the Moon at 4.25 Ga, GarrickBethell et al. [2009] also previously identified an additional MC component of magnetization, separated from the HC component by ≈146°, across four subsamples. In their study, sample 76535,138,2 was mutually oriented with respect to sample 76535,138,3 (section 1), but 138,3 also did not have an easily identifiable MC component. Why do we not observe a definitive MC component in this study and sample 138,3 in the previous study? We offer three possible explanations. Table S4 plotted against the cumulate release fraction of 39 Ar. The weighted mean plateau age calculated from both analyses is 4249 AE 7 Ma. The top panel shows the apparent Ca/K ratios for each analysis.
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The first is that, as discussed for the HC component (section 4.1), the MC component may be difficult to resolve due to the marginal magnetic recording properties of the subsamples relative to paleointensity recorded. For example, in the supporting information Appendix A1, we show that subsample 1 is capable of recording a clear MC component only up to ≈23 mT, and between 15 and 145 mT its NRM stays away from the HC direction, which may be due to a MC component that is difficult to resolve.
The second explanation is that overlapping coercivity distributions may cause any putative MC component to appear close to the HC component (supporting information Appendix A1). Related to this is the possibility of nonuniform coercivity distributions that differ amongst the subsamples, such that some samples have few remanence carrying grains in the MC range. For example, subsample 1 shows little change in direction between removal of the LC component at 15 mT and the final demagnetization direction, while sample 76535,137,7 in the previous study shows a large change in direction by 27.6 mT, subsequent removal of the MC component, and then decay to the origin [Garrick-Bethell et al., 2009, Figure 1 ].
The third possibility is that the MC component inferred in the previous study is simply a laboratory artifact of spurious ARM and GRM during AF demagnetization. In this case, the coincidence of the ≈146°distances between the MC and HC components in the four samples previously studied would be by chance and the clustering of the remanence over 15-145 mT in subsample 1 in the present study could be a poorly characterized effect of anisotropy or spurious ARM. However, the odds of four directions randomly clustering at a distance of 145.6°(the mean distance), over an angular interval equal their mean uncertainty of 21°, is only 3% (assuming the HC direction is fixed at a pole, and the MC distances from it are randomly distributed). At any rate, even if the clustering was by chance, it would not affect our interpretation of the HC component.
Relevant to the third possibility is that a new interpretation of the rock's thermal history suggests that only one TRM component (such as HC) may be required, in contrast to the two MC and HC components previously inferred. Garrick-Bethell et al. [2009] inferred that the rock cooled in the deep crust (≈45 km) and was reheated to ≈600°C when it was excavated and buried in an ejecta blanket for ≈10 kyr. Because 600°C is lower than the inferred Curie temperature of ≈850°C, Garrick-Bethell et al. [2009] inferred the rock acquired an HC component in the deep crust and a second MC component in the ejecta blanket. The 600°C temperature used in their study was based on the metamorphism temperature of the anorthite I1→P1 symmetry transition reported by Nord [1976] . However, the transition temperature for 95% molar anorthite was actually subsequently revised upward by Grove et al. [1983] to 700-1000°C. These higher temperatures span the 780-850°C Curie point of 76535 [Garrick-Bethell et al., 2009] . Therefore, if the transition takes place at the higher end of this range, 76535 would have been totally remagnetized during cooling in the hot ejecta blanket, implying the existence of only one (HC) lunar magnetization component dating to the ejection event at 4.25 Ga.
LC Component Interpretation
Previously, Garrick-Bethell et al. [2009] also reported that the LC directions were different across four different subsamples, when all subsamples were referenced to a frame that shared the same HC direction (Table 4) . However, the LC components in the three subsamples in this study are nearly unidirectional (Table 4) . As discussed in section 3.3.3, a plausible solution to this apparent inconsistency is that the IRM field was curved on the scale of the rock (≈5 cm), but not on the scale of the subsample we used here (unfortunately the distance from the sample studied here to the samples in Garrick-Bethell et al. [2009] is unknown). If true, this would also help rule out a PRM origin for the LC component. This interpretation is also consistent with observations of weak nonunidirectional IRMs inferred to be present in other lunar and meteorite samples [Weiss et al., 2010a] . Finally, this interpretation is also supported by the nearly equal 
Conclusions
The demagnetization behavior of 76535 is nonideal, and the MC component in the previously studied samples was difficult to identify in this study. However, the common direction of the HC component in all three subsamples (Figure 4 ) strongly suggests a temporally stable field on the Moon at the newly defined 40 Ar/ 39 Ar plateau age of 4249 AE 12 Ma. This implies a dynamo with a surface field strength of tens of microteslas was present on the Moon at this time. Such a dynamo could have been generated by one of several mechanisms:
(1) a thermal or chemical convection dynamo lasting from the time of Moon formation, assuming a mantle that is either dry (operating until at least 4.1 Ga) [Konrad and Spohn, 1997; Laneuville et al., 2014; Stegman et al., 2003] or wet (operating as late as 2.5 Ga) [Evans et al., 2014] , (2) a late onset dynamo driven by delayed upwelling of a cumulate layer at the core-mantle boundary [Stegman et al., 2003; Zhang et al., 2013] , or (3) a mechanically stirred dynamo from precession or impacts [Dwyer et al., 2011; Le Bars et al., 2011] . The first case is plausible since the revised 40 Ar/ 39 Ar age is ≈ 150 Ma older than the earliest time of dynamo cessation. The
